Importance 48
Enteroviruses such as Coxsackieviruses are the most common human respiratory pathogens.
49
The host's innate immune response, in particular that modulated by the production of type I and 50 III interferons, is thought to restrict picornavirus infection. Two cytoplasmic proteins, MDA5 51 and RIG-I, are critical for initiating the early innate immune response against these 52 viruses. Mutations within MDA5 encoding gene have been associated with the development of 53 severe enterovirus associated respiratory illnesses in healthy children. To further understand 54 how the innate immune response dependent upon MDA5 and Rig-I is initiated during 55 picornavirus infection, macrophages from mice lacking MDA5 or RIG-I were infected with Introduction 61
Viruses of the family Picornaviridae cause a myriad of important diseases that vary in 62 host tropisms, severity, and pathologies. Coxsackieviruses comprise two groups, A and 63 B, which are responsible for the common childhood hand foot and mouth disease and 64 aseptic meningitis, respectively, and have been implicated in type I diabetes (1). The 65 natural host of encephalomyocarditis virus (EMCV), a member of the Cardiovirus genus, 66 is mice although it can infect many other animals and is an important veterinary 67 pathogen that is known to cause outbreaks in farms and zoos, leading to death of 68 animals from encephalitis or myocarditis (2). Poliovirus causes the paralytic disease 69 poliomyelitis in humans and belongs to the Enterovirus genus. The diversity in tropisms 70 and diseases caused by viruses with similar genomes makes members of the 71
Picornaviridae compelling to study. 72 A crucial determinant of the outcome of viral infection is the response of the innate 73 immune system, which can limit the ability of viruses to replicate and cause damage at 74 the site of infection and spread to other tissues. Picornavirus infections may be sensed 75 by the cytoplasmic helicase MDA5 (3-10), a member of the RIG-I like receptor protein 76 family (RLR). The other two members of this family are RIG-I and LGP2. These proteins 77 consist of two N-terminal CARD domains, a DExD/H box RNA helicase domain, and in 78 RIG-I a C-terminal repressor domain.
LGP2 is similar in structure to RIG-I except that it 79 lacks the N-terminal CARD domains, which may allow it to be a negative or a positive 80 regulator of . 81
Sensing of viral infection by RLRs begins with the binding of the viral RNA to the 82 carboxy-terminal domain, which leads to ATP hydrolysis and a conformational change 83 in the protein. As a consequence the N-terminal CARDs can interact with the CARD of 84 MAVS, a protein located in the mitochondrial outer membrane. This interaction leads to 85 the activation of IRF3 and NF-B, whose translocation into the nucleus results in type I 86 IFN expression, and the downstream expression of interferon stimulated genes (ISGs), 87 which create an anti-viral state within a cell (6, (14) (15) (16) (17) (18) . 88 We previously showed that both RIG-I and MDA5 are cleaved during infections with 89 multiple picornaviruses (19, 20) . These observations led us to determine the roles of 90 RIG-I and MDA5 in the sensing of picornavirus infections. The results of previous in vivo 91 experiments in cell cultures and in mice identified MDA5 as a sensor for multiple 92 picornaviruses (reviewed in (21) ). However, the presence of multiple cell compartments 93 in animals (22) and strain differences (23) Quantitative PCR was performed in triplicate using an ABI 7500 real time PCR 152 machine. Data was analyzed using the 2 Ct method as previously described and 153 expressed as fold change using -actin as the calibrator gene (27) . 154 Plaque assays. Samples for virus titration were produced by harvesting cells and 155 medium, followed by three cycles of freezing and thawing and then by centrifugation at 156 5000xg for 5 min. All titrations were done on monolayers of HeLa cells in six well plates. 157
Ten-fold serial dilutions of virus were made in PBS+0.1 mg/ml BSA (Sigma) and 0.1mL 158 of each dilution was added per well. Plates were incubated at 37 o C for 45min with 159 rocking and overlay was then added. For PV and CVB3 a single agar overlay of 0.8% 160 Bacto-agar (Sigma) DMEM, 5%BCS, 0.05%NaHCO 3 , was used. For EMCV a two- 
RIG-I is important and MDA5 is essential for sensing EMCV in macrophages.
To 171 determine if the IFN and IFN responses to EMCV is controlled by either Rig-I and 172 MDA5, we infected bone marrow derived macrophages from Mda5 -/mice in a pure 173 129x1/SvJ background and rig-I -/mice in a mixed background and their matched wild 174 type controls, as done in previous studies (4, 5), and IFN induction was measured by 175 qPCR. 176 A strong and early induction of IFN was observed in wild type cells, peaking at 6 177 hours post infection in the Mda5 null background and 3 hours post infection in the Rig-I 178 null background ( Fig. 1A) . To address the differences in the induction of IFN expression 179 between the wild type cells we examined RNA levels encoding the two cytosolic 180 receptors. Cells from both mouse strains express about twice as much Rig-I than Mda5 181 RNA ( Fig. 2 ). Loss of one of the cytosolic receptors has no effect on the basal level of 182 expression of the other ( Fig. 2A ). Of note, in wild type macrophages the absolute levels 183 of sensor expression in the mixed background is twice as high as in the 129x1/SvJ 184 background ( Fig. 2A ). This observation may explain the quicker and sharper induction 185 of IFN in macrophages in the mixed background compared to the 129x1/SvJ 186 background. 187
As previously reported, the absence of Mda5 resulted in a loss of IFN expression 188 after EMCV infection ( Fig. 1A) . Unexpectedly, we found that the absence of RIG-I led to 189 a reduction of IFN expression ( Fig. 1A ). This observation indicates that both MDA5 190 and RIG-I make contributions to sensing of EMCV infection in murine bone marrow-191 derived macrophages. 192 IFN expression was also induced after infection of both wild type cells, although to a 193 lesser extent ( Fig. 1B) . As expected, expression of IFN was not observed in the Mda5 -194 /cells. However, in the absence of rig-I IFN was still expressed but at lower levels 195 ( Fig. 1B) . Similar results were obtained when IFN protein levels were measured in cell 196 supernatants after infection (Fig. 1C ). These observations suggest that in this cell type, 197 sensing of EMCV infection through MDA5 is essential to the expression of IFN and 198 IFN, while sensing through RIG-I only contributes to the expression of IFN. 199 Total virus was harvested at various hours post-infection to monitor the yield of 200 infectious progeny. Yields of infectious EMCV per cell were low in both wild type and 201
Mda5 -/macrophages ( Fig. 1D ). Wild type and rig-I -/cells did not produce infectious 202 EMCV ( Fig. 1D ). Absence of RIG-I or MDA5 did not affect virus yields. These 203 observations indicate that the antiviral response is triggered in these cells through 204 macrophages by EMCV ( Fig. 1 ). In the 129x1/SvJ background CVB3 infection resulted 233 in the induction of both IFN and IFN in wild type but not in macrophages lacking 234 MDA5 ( Fig. 5A, 5B ). In an ICR mixed background only IFN is induced in wild type 235 macrophages; in the absence of RIG-I, its levels are reduced. Although IFN was not 236 induced in WT macrophages of a mixed ICR background, expression was induced in 237 the absence of RIG-I ( Fig. 5B) . A similar negative regulation of IFN expression by RIG-238 I was also observed in EMCV infected macrophages ( Fig. 1B) . Unlike IFN expression 239 in macrophages infected with EMCV this negative regulation by RIG-I was not observed 240 in measurements of IFN protein levels ( Fig. 5C ). These observed differences in Type I 241 IFN expression are not associated with differences in infectious virus production (Fig. 242 5D). Similar to our findings with EMCV, a non-productive CVB3 infection of 243 macrophages is sensed by MDA5 to induce an IFN and IFN response. RIG-I 244 contributes positively to the induction of IFN but negatively towards the induction of 245
IFN. 246

RIG-I is essential for the production of type I IFN during CVB3 infection of 247
MEFs. Mda5 -/and rig-I -/-MEFs were infected with CVB3 to examine sensing in cells 248 permissive for the production of infectious virus. In WT MEFs, expression of IFN, IFN, 249 and OAS increased in response to infection ( Fig. 6 ). However, in the absence of RIG-I, 250
the expression of IFN, IFN, and OAS was lost ( Fig. 6B , C and D), indicating that in 251
MEFs RIG-I is essential for the expression of type I IFN in response to CVB3 infection. 252
However, the loss of type I IFN induction does not correlate with a loss of an effective 253 antiviral state since viral replication decreased in the absence of RIG-I. This observation 254 suggests that the type I IFN response is not protective and that RIG-I may be blocking a 255 protective response (Fig. 6A ). 256
Infection of 129x1/SvJ MEFs with CVB3 resulted in a modest increase of IFN and 257 IFN peaking at 6 hours post infection ( Fig. 6B and C) . In the absence of MDA5 IFN 258 and IFN expression peaked at 24 hours post infection, indicating that MDA5 is 259 essential for the early induction of type I IFNs ( Fig. 6B and C) . The increase in type I 260 IFN RNA did not, however, lead to an increase in expression of the ISG OAS in either 261 the wild type or the Mda5 -/cells ( Fig. 6D ). Despite the absence of an antiviral state 262 detectable by OAS induction and only late production of type I IFN production in MDA5 263 deficient MEFs, there is a difference in the replication of CVB3 in the two cell lines. 264 CVB3 replicated to ten fold higher titers in the absence of MDA5 ( Fig. 6A ), suggesting 265 that MDA5 is important for the induction of an antiviral state. 266
Treatment of Mda5 -/-, rig-I -/and matched wild type control MEFs with UV inactivated 267 CVB3 showed that the modest amount of type I IFN induced is dependent on viral 268 replication ( Fig. 7) . 269
MDA5 has a role independent of type I IFN in inhibiting CVB3 replication in 270
MEFs. To ensure that the antiviral state produced by MDA5 was independent of type I 271 IFN, we determined CVB3 yields in MEFs unable to respond to type I IFNs due to the 272 knockout of the type I IFN receptor (ifnar -/-). These MEFs, in a 129x1/SvJ background, 273
were infected with wild type and Mda5 -/-MEFs and viral titers were determined at 274 different times post infection. As we previously observed, CVB3 titers modestly 275 increased in wild type MEFs, while in the absence of MDA5 viral growth was about ten-276 fold greater (Fig. 8 ). This observation was made both at a high MOI of 50 at which type I 277 IFN induction could be detected, as well as at a lower MOI of 1 which did not lead to 278 type I IFN induction. In the absence of IFNAR, viral growth was slightly greater than in 279 wild type MEFs, but not as great as in Mda5 -/-MEFs (Fig. 8 ). This observation further 280 suggests that sensing through MDA5 produces an antiviral response that is 281 independent of type I IFNs. 282
Poliovirus but not EMCV can replicate in cells pre-treated with IFN (28). To 283 determine the effect of IFN on yields of infectious CVB3, HeLa cells were mock or pre-284 treated with IFN at 1000 units/mL, and then infected with CVB3, poliovirus and EMCV. 285 IFN pre-treatment reduced the levels of CVB3 growth in HeLa cells similar to the 286 extent observed for poliovirus. In contrast, yields of EMCV were substantially reduced 287 by pretreatment of cells with IFN ( Fig. 9 ). 288
MDA5 dependent sensing of CVB3 infection of MEFs is independent of type III 289
IFN. We hypothesized that type III IFNs could explain the observed type I IFN 290 independent inhibition of CVB3: absence of MDA5 might result in a loss of type III IFN 291 expression. Type III IFNs use a different receptor for signaling and may preferentially 292 activate a different assortment of STATs to induce a different array of ISGs than type I 293 IFNs. To address this hypothesis, total RNA was collected from wild type, Mda5 -/and 294 ifnar -/-MEFs infected with CVB3. IFN expression was not induced in wild type MEFs 295 but was induced in the absence of MDA5 (Fig. 10) . The induction of IFN2/3 in Mda5 -/-296 MEFs was detectable in MEFs infected at the low MOI of 1, at which no induction of 297 type I IFNs was observed (Fig. 10) . These findings show that the inhibitory effect of 298 MDA5 on CVB3 replication is independent of both types I and III IFN. 299 300 Discussion 301
The cytoplasmic receptors RIG-I and MDA5 were initially thought to sense distinct 302 sets of viral RNAs. It is commonly accepted that RIG-I recognizes infections by most 303 families of RNA viruses while MDA5 senses viruses of the Picornaviridae family (7, 9, 304 10, 29, 30) . This distinction was made from the results of experiments in which MEFs, 305 bone marrow derived dendritic cells, and mice were infected with an array of different 306 RNA viruses, and type I IFN expression and animal survival was determined. While 307 these initial studies were informative, the results of more recent work have begun to 308 modify the original conclusions. It was believed that RIG-I was the sensor for 309 flaviviruses based on experiments using Japanese encephalitis virus. Infections by the 310 flaviviruses Japanese encephalitis virus, hepatitis C virus, West Nile virus and dengue 311 virus are all sensed by RIG-I, but West Nile virus has also been shown to be sensed by 312 MDA5 and therefore contain structures that are ligands for both sensors (5, (31) (32) (33) . It 313 has been suggested that picornaviral genomes are not sensed by RIG-I because the 5'-314 ends of viral genomes lack 5' phosphates and are linked to VPg. Furthermore, RIG-I is 315 cleaved during infection with poliovirus, echovirus, rhinovirus 16 and EMCV in cells that 316 are pre-treated with IFN (20, 34) . 317
In the study reported here we extend our understanding of how viruses of the 318 picornavirus family are sensed by the innate immune system. CVB3 infection of 319 macrophages deficient in RIG-I resulted in a decreased level of IFN expression while 320 infection of RIG-I deficient MEFs resulted in a complete loss of IFN expression. These 321 observations suggest that during infection with CVB3, RIG-I is necessary for the 322 maximal induction of IFN in macrophages and is essential for the production of type I 323 IFNs in MEFs ( Fig. 5 and 6 ). EMCV infections of RIG-I deficient macrophages and 324
MEFs resulted in decreased levels of IFN expression, and in MEFs a decrease in IFN 325 expression. This observation indicates that for EMCV, RIG-I is necessary for the 326 maximal production of IFN in macrophages and for IFN and IFN in MEFs (Fig 1 and  327 3). Results of infecting RIG-I knockout MEFs and macrophages from RIG-I knockout 328 mice demonstrate that RIG-I does sense picornavirus infections, expanding the number 329 of family members that are detected by both MDA5 and Previously no work had been done to examine the role of RIG-I in CVB3 infection; 331 however it has been shown that the absence of RIG-I does not lead to a significant 332 effect on type I IFN expression in EMCV infected MEFs and bone-marrow derived 333 murine dendritic cells (5). One explanation for these differences could be due to the use 334 of different cell types: macrophages in our studies, as opposed to dendritic cells in 335 others. Furthermore, our studies in macrophages showed that differences in the 336 induction of type I IFNs were detected early after infection, with levels peaking at three 337 to six hours post-infection in rig-I -/and matched wild type control cells ( Fig. 1 and 5 Because the levels of RF RNA within a cell are low, it is also possible that RIG-I is 362 sensing a more abundant RNA structure such as the IRES. This highly structured RNA 363 domain contains many double stranded regions, which may be ligands for Because the true definition of a RIG-I ligand remains controversial, further studies are 365 needed to determine how RIG-I recognizes picornavirus RNAs. 366 EMCV or CVB3 infection of macrophages lacking MDA5 or RIG-I results in a 367 decreased expression of type I IFN but does not result in an increase in viral growth 368 since both EMCV and CVB3 replicate poorly in macrophages ( Fig. 1 and 5 ). Although 369 both viruses do replicate well in MEFs, the absence of RIG-I or MDA5 has no effect on 370 EMCV replication despite the repression of type I IFNs and ISGs (Fig. 3) . 371
The absence of RIG-I during CVB3 infection however appeared to inhibit the 372 formation of an antiviral state by preventing the induction of type I IFN and the ISG 373 OAS. Interestingly there was no concomitant increase in viral replication compared with 374 wild type cells; rather a decrease in viral replication was observed (Fig. 6) . The absence 375 of MDA5 did not affect induction of type I IFNs during CVB3 infection; however, an 376 increase in viral titers was observed (Fig, 6A) . This inhibitory effect of MDA5 on CVB3 377 replication was apparent not only at the high MOI of 50 which was required to observe 378 induction of type I IFN, but also at a lower MOI of 1 at which no increase in type I IFNs 379 could be detected (Fig. 8) . The increase in viral titer in the absence of MDA5, together 380 with our observed decrease in viral titers when RIG-I is not present, implies that there 381 must be factors independent of type I IFN expression that are inhibiting CVB3 382 replication. This conclusion is consistent with the results of infection of MDA5 -/mice 383 where no significant increase in IFN serum levels or IFN or OAS expression in 384 tissues was detected, yet there was a transient early increase in CVB3 titers, which led 385 to increased tissue damage and disease (23). The results of infecting ifnar -/-MEFs 386 confirmed this type I IFN independent inhibition of CVB3 replication, since viral titers in 387 these cells were lower than those in MDA5 -/-MEFs at both an MOI of 1 and an MOI of 388 50 (Fig 8) . Viral titers in ifnar -/-MEFs were slightly higher than in wild type MEFs, 389 indicating that type I IFN does have a slight role in inhibiting CVB3 replication but is not 390 fully responsible for the MDA5 dependent inhibition of CVB3 replication. Additionally, 391 CVB3 was found to be able to replicate in the presence of an antiviral state induced by 392 type I IFN, further supporting the idea that the MDA5 response is independent of type I 393 IFN (Fig. 9) . 394
The poliovirus 2A pro protease determines whether infectious virus is produced in the 395 presence of IFN, in particular a tyrosine at residue 88 of 2A pro which may be involved in 396 the discrimination of substrates (28, 39) . The Coxsackievirus 2A pro protease has a 397 tyrosine at the corresponding position, suggesting that the ability of CVB3 to replicate in 398 the presence of type I IFN is a consequence of 2A pro mediated antagonism of inhibitory 399 IFN-stimulated gene products. 400 Type III IFNs have been shown to be under the control of the transcription factors 401 NFB, AP-1 and IRFs similar to type I IFNs (40). Therefore, types I and III IFNs are 402 frequently induced in response to the same triggers, although differences in the 403 expression of the two IFNs have been noted. For example, macrophages infected with 404 herpes simplex virus produce type I IFN but not type III IFN, and epithelial cells infected 405 with influenza A virus produce higher levels of type III IFNs than type I IFN (41). These 406 differences are likely due to the dependence of each IFN on various transcription 407 factors: type I IFNs are strongly dependent on IRFs while type III IFNs are more 408 dependent on NFB (42, 43) . There are also some differences in the signaling of type I 409 and III IFNs since the former produce a positive feedback loop in which they up-regulate 410 the expression of more type I and type III IFN. Type III IFN signaling however does not 411 result in an increase in type I or type III IFN expression (42). We hypothesized that type 412 III IFNs could explain the observed type I IFN independent inhibition of CVB3: absence 413 of MDA5 might result in a loss of type III IFN expression. However, we found that 414 expression of IFN2/3 was not decreased, but rather induced, in the absence of MDA5. 415
Induction of these cytokines occurred late in CVB3 infection, similar to the kinetics of 416 type I IFNs, beginning at nine hours post infection, and therefore is not likely to not have 417 a causative role in the increase in viral replication in MDA5 deficient MEFs, which 418 commences earlier in infection (Fig. 10) . 419
It is known that viral sensing results in the induction of many cytokines under the 420 control of NFB in addition to IFNs. One or more of these may be contributing to 421 decreases in CVB3 replication. A more appealing explanation is that MDA5 is signaling 422 through MAVS on the peroxisome. It has been found that an IFN independent antiviral 423 state may be induced by RIG-I through signaling using peroxisomal MAVS rather than 424 mitochondrial MAVS (44). This signaling was found to induce expression of ISGs 425 directly through the activation of IRF1 and to do so before the induction of type I IFNs. If 426 MDA5 can also signal through peroxisomal MAVS, it could induce an effective initial 427 antiviral response that results in a decrease in CVB3 titers as we observed early in 428 infection. Alternatively, activation of IRF3 by MDA5 may allow for transcription of a 429 subset of antiviral ISGs independent of autocrine/paracrine signaling (45) . 
